The conserved oligomeric Golgi (COG) complex orchestrates vesicular trafficking to and within the Golgi apparatus. Here, we use negative-stain electron microscopy to elucidate the architecture of the hetero-octameric COG complex from Saccharomyces cerevisiae. Intact COG has an intricate shape, with four (or possibly five) flexible legs, that differs strikingly from that of the exocyst complex and appears to be well suited for vesicle capture and fusion.
The conserved oligomeric Golgi (COG) complex orchestrates vesicular trafficking to and within the Golgi apparatus. Here, we use negative-stain electron microscopy to elucidate the architecture of the hetero-octameric COG complex from Saccharomyces cerevisiae. Intact COG has an intricate shape, with four (or possibly five) flexible legs, that differs strikingly from that of the exocyst complex and appears to be well suited for vesicle capture and fusion.
Soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins form membrane-bridging complexes that play a central role in intracellular membrane fusion 1 . The spontaneous assembly of these 'trans' SNARE complexes is, however, inefficient, and is orchestrated in vivo by other factors including Sec1/Munc18 (SM) proteins and multisubunit tethering complexes (MTCs) 1, 2 . MTCs, containing three to ten subunits and including the COG complex studied here, bridge membranes by binding to lipids, SNAREs, vesicle coat proteins, SM proteins, and/or Rab GTPases-in short, to most of the other proteins implicated in the docking and fusion of cargo-carrying intracellular trafficking vesicles 2 . However, many aspects of MTC structure and mechanism remain to be elucidated.
Five different MTCs, functioning in distinct intracellular trafficking pathways, comprise the complexes associated with tethering containing helical rods (CATCHR) family [2] [3] [4] . X-ray structural analysis of individual CATCHR subunits has shown that most are probably derived from a common evolutionary progenitor containing α-helical bundle domains arranged in series [5] [6] [7] [8] [9] . Many individual CATCHR subunits contain, near their N termini, sequences predicted to form coiled coils, thus prompting the suggestion that the subunit N termini mediate complex assembly 4 . Two X-ray structures, each containing a pair of interacting CATCHR subunits, are consistent with this hypothesis 8, 10 .
An improved understanding of CATCHR-complex function is likely to depend on improved characterization of their overall structure. Previously, we have reported the essentially complete structure, derived from overlapping crystal structures and negative-stain EM, of the three-subunit Dsl1 complex, revealing two long spindly legs with a hinge between them 11 . We have also been studying the more elaborate COG complex, a hetero-octamer. We previously found by negative-stain EM that a core complex (sometimes called lobe A) containing the four subunits Cog1-4 features three curved legs in a Y-shaped configuration 12 . The remaining four COG subunits (Cog5-8, sometimes called lobe B) are nonessential in yeast but are the site of many mutations causing congenital disorders of glycosylation (CDG) in humans [12] [13] [14] [15] . Here, we present structural analysis of Cog5-8 and of the intact eight-subunit complex, Cog1-8.
To elucidate the architecture of the COG complex, we used bacterial coexpression of yeast COG subunits. After extensive optimization (details in Online Methods), we were able to produce the Cog5-8 complex (from the yeast Kluyveromyces lactis; Supplementary Fig. 1 ) and the intact Cog1-8 complex (from S. cerevisiae; Fig. 1 ). Negativestain EM and class averaging revealed that K. lactis Cog5-8 has an overall rod-like shape, with a length of 27 ± 2 nm (mean ± s.d., n = 129 class averages; Supplementary Fig. 1b ) and varying degrees of curvature ( Supplementary Fig. 1 ). Most class averages showed evidence of a globular density or hook at one end.
For the intact S. cerevisiae COG complex, Cog1-8, we obtained 278 class averages ( Supplementary Fig. 2) . The overall structure is striking for its lack of compactness, with multiple legs each exhibiting a reproducible curvature (Fig. 1) . The relative orientation of the legs varies among the class averages. Although artifacts introduced by deposition and negative staining cannot be ruled out, our findings suggest that Cog1-8 contains flexible hinges, as observed for Cog1-4 (ref. 12) and Cog5-8. The extended structure and apparent flexibility appear to be well suited to a role in vesicle capture and SNARE assembly.
Previously, we have named the three legs of the Y-shaped Cog1-4 complex A, B, and C, and have used GFP tagging of subunit termini to map the locations of the four subunits 12 (Fig. 2a) . We have also collected data for the complex of Cog1-4 and Cog8 (denoted Cog1-4+8) and have found that Cog8 forms an extension on the end of leg C 12 (Fig. 2a) . The Cog1-4+8 substructure, containing legs A and B and extended leg C, is readily discernable in most class averages of the intact COG complex ( Fig. 2a and Supplementary Fig. 2 ). In addition, Cog1-8 contains a fourth leg, leg D (Fig. 2c) . In some class averages, leg D appears to emerge from a triangular junction entailing two distinct points of contact with extended leg C ( Fig. 2a) .
We next attempted to map the locations of the subunits in the K. lactis Cog5-8 complex by fusing GFP to the N and C termini of each subunit in turn ( Supplementary Fig. 3a ). (It was not feasible to apply this strategy to the intact Cog1-8 complex, because of its b r i e F c o m m u n i c at i o n s inherent structural variability and hence the need for very large numbers of particles to generate informative class averages.) GFP tags at the C terminus of Cog6, and at both termini of Cog8, were clearly visible in most class averages ( Fig. 2b and Supplementary  Fig. 3b) . GFP tags at the remaining five termini were difficult to discern. Nonetheless, the results showed that the two ends of the rod-like Cog5-8 complex represent the C termini of the two largest subunits, Cog6 and Cog8. Our inability to visualize an N-terminal GFP tag on Cog6 (Supplementary Fig. 3b) , together with the ability of N-terminally truncated Cog6(∆1-146) to form Cog5-8 complexes, led us to speculate that the N terminus might be flexible. Therefore, we prepared complexes containing GFP attached to the truncated N terminus of Cog6. In these samples, the GFP tag was clearly visible ( Fig. 2b and Supplementary Fig. 3b ). Further attempts to locate the termini of Cog5 and Cog7 (for example, via maltosebinding-protein labeling) were unsuccessful, thus suggesting that, at least in the Cog5-8 complex, the termini are highly flexible.
Given the known location of Cog8 relative to Cog1-4, the length of the K. lactis Cog5-8 complex, and the fact that S. cerevisiae Cog8 is approximately twice as large as K. lactis Cog8, it was straightforward to place Cog6 and Cog8 within the full S. cerevisiae Cog1-8 complex ( Fig. 2c and Supplementary Fig. 4 ). This analysis revealed that the C terminus of Cog8 represents the distal tip of extended leg C, whereas the C terminus of Cog6 represents the distal tip of the newly discovered leg D. Like the other legs, leg D has a width of approximately 3 nm, which is consistent with the conserved CATCHR fold. The C termini of the four largest S. cerevisiae subunits (Cog3, 4 Supplementary  Fig. 2) . The uncropped gel image is shown in Supplementary Data Set 1. Supplementary Fig. 3 ). GFP-Cog6∆N represents GFP attached to the N terminus of Cog6 (residues 147-779). Scale bars, 10 nm. NT-trunc., N-terminal truncation. (c) Model for subunit organization of the fully assembled COG complex (additional data in Supplementary Fig. 4 ). The positions of Cog5 and Cog7 were not determined in this study. X's denote the approximate positions of selected CDG mutations in human Cog4 (R729W) 16 , Cog6 (G549V) 19 , and Cog8 (Y537X) 20 . (d) Class averages displaying leg E′ (yellow arrows). Scale bar, 10 nm. (e) An image field of bovine COG (scale bar, 100 nm) (additional data in Supplementary Fig. 5) , as well as a single particle shown at higher magnification (scale bars, 10 nm). At right, for comparison, is a class average for yeast COG; scale bar, 10 nm. npg b r i e F c o m m u n i c at i o n s the inter-leg distance varies dramatically ( Fig. 1 and Supplementary  Movie 1) . In some class averages, the distal tip of leg B can be 14 nm or more away from leg C, whereas in other class averages it appears to make direct contact (Fig. 1) . This finding may be a deposition artifact; alternatively, it may indicate a low-affinity interaction between the tip of leg B and leg C. Interestingly, a mutation that destabilizes the tip of leg B causes a CDG in humans 7, 16 . The distance between the distal tips of legs A and D varies from 7 to 38 nm (Fig. 1) .
We were unable to locate Cog5 and Cog7 within the Cog5-8 complex. However, a previous crystal structure of a complex between Cog5 and Cog7 reveals that they interact via antiparallel α-helices near their N termini 10 . Intriguingly, in approximately 10% of the Cog1-8 class averages, a fifth leg can be discerned (Fig. 2d) . This leg presumably contains Cog5 and/or Cog7, with one of the two C termini at its distal tip. We call this feature leg E′, with the prime symbol denoting the remaining uncertainty regarding its composition (Fig. 2d) .
Because COG is conserved in eukaryotes including yeast and mammals, we used negative-stain EM to examine purified bovine COG 17 . The particles were too heterogeneous for class averaging, and many gave the impression of being self-entangled ( Fig. 2e and Supplementary  Fig. 5 ). Nonetheless, our results ( Fig. 2e) highlight a single, albeit nonrepresentative, particle with a striking resemblance to S. cerevisiae COG. Extra densities in the middle of leg C (blue arrow) are presumably attributable to the greater size of bovine (compared with yeast) Cog1 and/or Cog2. Similarly, bovine Cog5 and Cog7 are much larger than their yeast orthologs, thus providing a plausible explanation for additional densities near the Cog1-Cog8 junction (red circle). We provisionally conclude that the overall architecture of COG is conserved between yeast and mammals.
The known CATCHR complexes have three (Dsl1), four (GARP and EARP), or eight (COG and exocyst) subunits. It might have been anticipated that the COG complex and the exocyst would resemble each other; instead, they are strikingly different. Recent negative-stain EM of the yeast exocyst complex has revealed a compact bundle of rods, proposed to represent individual exocyst subunits, arranged roughly in parallel 18 . By contrast, the known subunit-subunit interactions in COG involve antiparallel interactions between N-terminal regions ( Fig. 2b and refs. 10 and 12 ). Perhaps this difference-parallel versus antiparallel subunit interactions-underpins the dramatically contrasting overall architectures of the two complexes; in any case, the existence of these different architectures calls into question the assumption that the COG and exocyst complexes have closely similar mechanisms of action.
COG is remarkable for the number of interactions that it apparently has with Golgi SNARE proteins, Rab GTPases, coat proteins and coiled-coil tethers 14 (Supplementary Table 1 ). Our structural results should provide a useful foundation for mapping out the geometric relationships between these binding sites and, ultimately, their mechanistic importance.
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Methods and any associated references are available in the online version of the paper.
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